Abstract, Two samples of nominally identical material will usually charge each other if they are rubbed together asymmetrically, e.g. in such a way that a small region of one rubs across a large region of the other. It has previously been supposed that the asymmetric rubbing induces some physical difference, in particular a temperature difference, between surfaces, which in turn causes charge transfer. However, experiments on polymers (reported in the preceding paper) are not easily reconciled with this explanation. In this paper we show that it is not necessary to invoke any physical distinction between the two insulators to explain charge transfer. Certain electron distributions can result in net charge transfer during asymmetric rubbing even though the temperature (and other physical properties) remains exactly the same for the two surfaces. We present a quantitative model and we show that it is capable of explaining a wide range of experimental facts about charge transfer between identical insulators.
Introduction
It has been known for a long time that two samples of the same material may charge each other when they are rubbed together. The charge transfer is associated with asymmetry in the rubbing, and the direction of charge transfer can be reversed by changing the mode of rubbing (Shaw and Hanstock 1930, Henry 1957) . It has been supposed that the asymmetry of rubbing induces some physical differences between the two surfaces which in turn causes charge transfer. Thus, Shaw and Hanstock (1930) proposed that the two surfaces attained a different degree of strain and thereby exchanged charge. Their experiments certainly suggested that surface strain or damage plays an important role in the phenomenon but it is difficult to believe that differential surface strain is the cause of charge transfer, because the direction of charge transfer immediately reverses when the mode of rubbing is altered (Henry 1957 ). Henry (1957) proposed an alternative explanation, that the charge transfer is caused by a temperature difference induced by the asymmetric rubbing. However, his explanation would require the charge transfer to depend on the speed of rubbing (since the temperature difference must) and in the experiments reported in the preceding paper (Lowell and Truscott 1986) we found that the charge transfer is independent of sliding speed.
We agree with Henry (1957) that asymmetry in rubbing is crucial to charge transfer, However, we do not believe that it is necessary to seek a physical difference between 0022-3727/86/071281 + 18 $02.50 @ 1986 The Institute of Physics the surfaces to explain charge transfer. In this paper we shall show that certain electron energy distributions can result in charge transfer even though the two surfaces are identical and remain so during the rubbing process. Our model is based on the observation that electron energy states are strongly localised in space and energy (Duke er a1 1978 , see also Duke 1978 , Lowell 1986 ) and that, consequently, electrons may persist in non-equilibrium configurations for an indefinitely long time (the existence of long-lived electrets, and the thermoluminescence technique of dating ancient pottery bear witness to this, and Kittaka and Murata (1979) have shown that non-equilibrium states can exist in polymers and influence their electrification). As we shall see, rubbing can provide the opportunity for such electrons to move closer to a thermal equilibrium distribution by making a transition across the interface. If the rubbing is asymmetric these transitions can result in a net transfer of charge.
Section 2 of this paper develops the theory of the charge transfer resulting from nonequilibrium electron distributions. We then assess the success of our model in accounting for previous observations on charge transfer between identical insulators. Finally, we describe new experiments carried out to test certain novel predictions of the model.
Analysis of charge transfer

l . Introduction
Figure l(a) shows an example of the kind of non-equilibrium distribution which our model invokes. The diagram represents two samples of the same insulator in contact (a small gap is shown for clarity); each sample contains spatially localised electron states (traps) represented by short horizontal lines. The states are distributed over a range of energy and in general states at low energies are occupied by electrons whereas highenergy states are empty. However, a few electrons are found in high-energy states: these constitute the non-equilibrium electrons required by our model. We suppose that these electrons are unable to make transitions to lower energy states in the same insulator, even though such transitions are thermodynamically favoured, because the states are strongly localised, i.e. the wavefunctions of neighbouring states do not overlap significantly. Even if there is some overlap transitions are likely to be inhibited by the energy differences between one state and another which inevitably exist in a random dielectric environment such as a polymer (Duke et a1 1978 , see also Duke 1978 , Wintle and Sribney 1984 . If two such materials are in simple contact (see figure l(a)) transitions between them are likewise inhibited, since two identical materials in contact are of course equivalent to a single piece of the same material (we suppose that there are no special states associated with the surfaces), However, if the contacting materials are now rubbed together transitions across the interface become much more likely, because a full state very near to the surface of one sample will euentually encounter an empty state on the other surface, into which it can tunnel. Thus the process of rubbing allows states near the interface to overcome the constraints of localisation in space and energy, and to make transitions which bring the electron distribution closer to thermal equilibrium. (Evidently similar arguments apply to the converse situation in which a few deep-lying empty states are scattered among a large number of occupied states.)
If two infinite plane surfaces (see figure l(a)) are rubbed together there may be transitions across the interface but there will not be any net charge transfer; symmetry demands that there be as many transitions one way as the other. However, if the rubbing is asymmetric, this is no longer necessarily true. Suppose for example that a small area of one material rubs along an extended track on the other, e.g. a sphere rubbing along a plane. Supposing the electron distribution to be as in figure l(a), it is easy to see that the small-area sample can lose only a few electrons to the track (i.e. those which lie very close to its small rubbing area) whereas it can pick up a much larger number of electrons from the track (since there are by hypothesis a great number of suitable empty states for every non-equilibrium electron). This argument shows that it is reasonable to expect a net charge transfer if the rubbing is asymmetric. The magnitude of the charge transfer and (as we shall see) its sign will depend on the densities of states and the probabilities of transfer between states of different energy. We now proceed to calculate the charge transfer for a specific model insulator.
Model insulator
Not very much is known about the energy distribution of electron states at the surface of insulators. Accordingly, we shall analyse a model insulator; we shall choose it to be as simple as possible, compatible with the basic requirements of the model, i.e. that empty states are to be found at lower energies than some of the filled states. We shall consider an insulator which contains just two relevant electron energy states separated by an energy much greater than k T (see figure l ( b ) ) . We need only consider such states as lie close enough to the interface to be involved in charge transfer; initially (before rubbing or sliding) a fraction of the upper states are occupied, and all the lower states are empty. We assume that the sample has no net charge initially. The lower level may in fact by partly occupied but it is easy to see that occupied low-energy states make no contribution to charge transfer (cf figure l(a)) and we can simply ignore them. We emphasise that this model is not supposed to be an accurate representation of any real insulator but merely a basis for predicting the consequences of our hypothesis about charge transfer. We expect the predictions to be qualitatively applicable to real insulators. We label the number of states and the number of occupied states per unit area. in accordance with table 1. Consider a small region of one sample (which we shall call the sphere, with our experiments in mind) sliding along another sample (the plane). After the sphere has traversed a distance x the number of electrons per unit area of the sphere (i.e. that portion in contact with the plane) is S and S in the upper and lower states respectively. The corresponding quantities for the plane are P andp. In general, S etc will vary from one region of the contact to another-that is, from the 'leading' to the 'trailing' edge, but we suppose for the moment that the contact is sufficiently small that this variation can be ignored (see 8 2.5).
We consider three types of transition, labelled a, p, and y in figure l(c), between one surface and the other, We assume that the inverse of the cutransition, i.e. transitions from the lower to the upper state, do not occur because the energy difference is too great. A transition (of a given type) is a matter of chance; it will be characterised by a capture distance, related to the extent of the electron wavefunction and the probability of transition. We shall use the symbols cu, p and y in our equations to represent these distances for the transitions labelled CY, p and y in figure l(c). (Of course the electron states are not really on the surface; a, p and y must be understood to be averages over the various depths below the surface of the participating electron states.)
We suppose that the sphere has slid a distance x over the plane, and we consider a small additional displacement ax. The number of transitions from the upper state of the sphere to the upper state of the plane will be (see figure l(c) and 
To find the net charge transfer we must solve (1)-(4). The general solution would be very cumbersome but we can obtain simple solutions in certain limits, as we now show.
Steady unidirectional sliding
We consider first the case where the sphere slides with uniform velocity along the surface of the plane, so that it continually encounters fresh surface. Thus, at the leading edge of the contact, P = N andp = 0. If the contact area is small, as we have already supposed, P and p will not change very much from the leading to the trailing edge of the contact, and we can set P = N andp = 0 in equations (1) and (2); this leads to
and
where A I = ( e t + yT)"
The change in the number of electrons (per unit area of contact) on the sphere side of the contact is S + S -N , so the charge on the plane is
where Q , = aeNtA, A being the area of contact. We see that AI and A2 are the characteristic distances for charge transfer out of the upper and into the lower states of the sphere respectively. Equation (9) shows that the charge transfer may be of either sign, according to the relative magnitudes of A I and AZ. If Al is small, for example, the spherical sample loses (10)). The other curves show the prediction for repeated sliding along a track whose length/width ratio is 100 (B), 30 (C) and 10 (D). The charge is normalised to
Qi,lAl -Azi (cf equation (9)). The sliding distance is normalised to A I (9) for t/T = 10 and to for t/T = 0.1. The curves are plotted for /? = y = l 0 a a n d N = 0.5 T.
scarcely any electrons to the plane (because the y-transitions are much faster than the a); in this case the charge transfer is dominated by the lower energy level of the sphere collecting electrons from the plane. The curves A in figure 2 show how the charge transfer depends on sliding distance according to (9).
Repetitive rubbing
There are situations of practical importance (e.g. a belt running over rollers) in which one insulator rubs a continuous track on the other, as in 8 2.3. However, it is equally common for one insulator to rub repeatedly across another (e.g. plastic bearing surfaces in machinery). It is of interest, therefore, to solve (1)-(4) for the case in which the 'sphere' slides repeatedly over the same track on the surface of the plane. We shall assume that the length L of track is small compared to A, or A2 so that S and S (and therefore Pandp) do not change significantly during asingle slidingevent. The restriction L < AI, A2 will not be stringent, in general, since the characteristic length for charge transfer is typically of the order of cm, as is apparent from (e.g.) figure 2 of our previous paper (Lowell and Truscott 1986 ).
Since we now suppose that the sphere passes many times across a given point on the track we can no longer assume that P andp are constant; we must calculate them from (3) and (4). For small L , the changes SS and SS in S and S resulting from a single slide
where dS/dx and ds/dx have been substituted from (1) and (2). In writing the corresponding expressions for 6P and 6p we must remember that (3) and (4) apply to a given point on the plane only while the sphere is in contact with it. So, for a single slide we have
where dP/dx and dp/dx have been substituted from (3) and (4). A is the width of the contact in the direction of sliding. Equations (10)- (13) are immediately applicable to a rectangular contact, but in practice the contact region is likely to be irregular and may not even maintain a constant shape during sliding if the surfaces are not perfectly smooth; so we must regard A as an average value. Figure 2 shows numerical solutions of equations (10)- (14). We plot the charge transfer as a function of the total sliding distance x = nL where n is the number of slides.
(It is assumed that L is small on the scale of the graph, i.e. L *Al, A2, so the curve is virtually continuous.) It is not difficult to understand the general form of these curves. First, we note that in the limit R ( = L / A ) + x , i.e. L + x or A + 0, p and P must be constant ands and S therefore should be of the form (5) and (6). Secondly, we note that for finite R we must have P = S = 0 and p = S = N after a sufficiently large number of slides, because transitions of type (Y will continue as long as there are any upper-state electrons on either side of the contact, and transitions of type p will continue as long as the lower-level populations are different. This state corresponds to zero charge transfer. For A much smaller than L (the only case likely to be of practical interest) it is therefore plausible to suppose that the charge transfer is initially similar to that given by (5) and (6), but differs in that the charge transfer for large x is not constant but gradually diminishes to zero. It is interesting to ask, what is the characteristic length A' for this decay of charge? We see from (9) that we can define a characteristic length A for charge build-up which is roughly equal to A I or A*, whichever is the greater. We note from equations (10)- (13) that the population of the plane statesp and Pchanges more slowly than the sphere states S and S, the ratio being about L / A , so we expect
If L S Ad, as will usually be the case, the charge transfer diminishes only very slowly and there is little difference between continuous (equations (5) and (6)) and repetitive sliding except when sliding is very prolonged. These qualitative conclusions are confirmed by the quantitative solutions of figure 2.
Finite contact area
In our analysis of charge transfer for continuous sliding ( § 2.3) we assumed that the contact area is very small so that the electron density on the plane is not significantly changed by the rubbing and remains N in the upper state and zero in the lower state. This is probably a good approximation in general because experiments (Lowell and Truscott 1986) indicate that the characteristic distance for equilibrium in charge transfer is of the order of cm, and the size of the contact region will usually be much smaller than this. However, the approximation cannot be valid for sliding distances x which are not large compared to the size of the contact region A . We shall now estimate the charge transfer for x -A , subject to the assumption that A is small compared to the characteristic lengths A1 and A*. This assumption implies that the population of neither the upper nor the lower states changes very much for sliding distances -A .
Figure l(d) shows the 'sphere' in contact with the plane at its starting position (broken curve) and after sliding a distance x < A. At all points between Y and B there is symmetry between the plane and the sphere in that all points on the sphere or plane surface have moved exactly the same distance across the opposite surface. Thus, transitions from plane to sphere must be exactly matched so there is no net transfer of charge. Between B and Z (figure l(d)) there is no such symmetry, because a point on the sphere has traversed a relatively long length of the plane whereas a point on the plane has been traversed by a relatively short length of the sphere. We may therefore expect a net charge transfer in this region. To estimate this charge transfer we note that for small sliding distance S and P will differ but little from their initial value ( N ) and S andp will similarly remain close to zero. To a good approximation (for small x) we may therefore put S and P equal to N o n the right-hand side of (3) and (4), ands andp equal to zero. This gives
" -dp CvtN dx so at a point distant y from the leading edge of the contact we have
Substituting these equations into (1) and (2) and solving for a fixed point on the
sphere a distance y from the front of the contact, we find where l/Ai = l / A l + cu2tNy
Of course, these equations are only valid in the limit of small sliding distance ( x * A A*). The change in the number of electrons per unit area on the spherical surface is
For small x , we can expand the exponentials in (20) and (21) and neglect powers of x higher than the first; this gives
To obtain the total charge we must integrate this expression over the region B-2 of the contact (figure l(d)) and to carry out this integration we should need to know the shape of the contact region. However, the most significant consequence of (28) is qualitatively clear without actually performing the integration; it is that the sign of the charge transfer may change as x increases. To see that this is so we write the charge Q on the plane from (25)
where :he integral is taken over the part B 2 of the contact and Q, = e A a t ( e being the magnitude of the charge on the electron, so that Qois apositive quantity). Let us consider the case where the plane acquires a positive charge after a large sliding distance. Then, from (9) we have A2 > A I and it follows from (7) and (8) that
Equation (27) shows that the quantityin brackets in (26) must be positive. Therefore, we can conclude that if the charge transferred to the plane is positive for a large sliding distance it must be negative at first. In the opposite case (negative charge transfer to the plane for large x), the sign of the term in brackets cannot be unequivocally determined, so we can make no firm prediction in this case.
Complications
The model outlined above contains a number of assumptions which probably do not accord very well with reality. First, we have assumed a well defined and uniform contact between the surfaces. This may be fairly accurate for the sphere-plane geometry of our experiments or the cylinders of Shaw and Hanstock (1930) and Henry (1957) , although there are undoubtedly patches of contact and non-contact within the circle of apparent contact. However, it will certainly not be accurate in the case of contact between two flat plates, for example. In such a case contact will be restricted to small patches scattered about the surface; the 'high spots' on each surface will each behave like the 'sphere' in our analysis (even though they make only intermittent contact with the opposing surface). Thus, we envisage each surface acquiring strong charge over small regions which are in frequent contact with the lower surface and charge of the opposite sign distributed more evenly over the surface. Neither surface will acquire a net charge, to a first approximation, but if one surface is smaller than the other and rubs back and forth across it there will probably be a net charge transfer because more 'high spots' are rubbed on the one surface than the other. We should similarly expect a net charge transfer, even for perfectly symmetric rubbing, if one surface is rougher than the other (Henry 1957) .
Our analysis neglects any complications arising from the deformation of the surface by the contact. In materials such as polymers this is unfortunately likely to be unrealistic. For example, the deformation which occurs during sliding must surely disturb the positions of the surface molecules by large amounts compared to the distances a, P and y (Lowell 1976) . It is hard to see how to include such 'stirring' quantitatively. A related complication is material transfer; a great deal of transfer occurs when metals slide over such polymers as PTFE (Briscoe et a1 1974) , and although it might occur to a lesser extent during sliding of identical materials it is unlikely to be absent altogether. Again, it is difficult to see how to make quantitative provision for such processes in our model.
The two-level scheme adopted for our calculations is unlikely to be a true picture of any real insulator, however, while the predictions may have little quantitative value, it seems likely that they will be qualitatively valid in more complex situations. In the case of continuous sliding our expectation is supported by the following argument: We observe first that the population of the level on the plane side of the contact will never be significantly different from its initial values (as we argued above). The rate at which a given state on the surface of the sphere empties or fills can therefore depend only on the occupation of that state, and it follows that each state fills or empties exponentially, (equations ( 5 ) and (6) are an example of this conclusion for the special case of two levels). Thus, the total charge on the sphere is given by a sum of exponential terms (one for each level), each similar to either equation (6) or (7). It is clear, therefore, that the charge must increase monotonically from zero and must eventually reach a saturation value so it cannot be qualitatively very different from the simple form (9).
We have assumed in our model that 'horizontal' transitions (p, y in figure 1 ) occur in addition to the 'downward' transitions cy. This is a reasonable assumption as long as the energies of occupied and empty states are equal (as in figure 1 ). This is not necessarily so, however, because a localised charge induces a polarisation of the surrounding medium which alters the energy of the localised electron state (Duke et a1 1978, see also Duke 1978) . Thus if the upper state (figure l(b)) is neutral when empty its energy will be lower when it is occupied. It is to be expected (Duke et a1 1978 , see also Duke 1978 that polarisation and the resulting energy shift is slow compared to the time taken for electrons to make transitions, and will occur after the electron has occupied the site. This means (in our simple two-level scheme) that there can be no y-type transitions, because an upper state in effect disappears when it empties. In practice, the crucial question is whether or not these shifts are smaller than the spread of the upper states over energy. If they are, full and empty states can occur at the same energy and our model is more or less valid. If not, 'horizontal' y-transitions will not occur. However, it is possible to incorporate these possibilities into our model by setting y and (if appropriate) p equal to zero. It may be seen from equations (7)-(10) that charge transfer still occurs if p = y = 0, and that its sign depends on the ratio N/t. Repeated sliding may not give similar results to continuous sliding if p and yare effectively zero. If charge transfer were simply due to the sphere 'picking up' electrons from the track the first passage along the track might pick up most of the electrons so that repetition might make little difference.
Comparison with previous experiments
The model described in 0 2 is qualitatively consistent with our experiments (Lowell and Truscott 1986) , which showed that the charge increases with sliding distance in the way expected from equation (1 1). These experiments imply that the characteristic lengths A and A2 should be of the order of 0.1 m (Lowell and Truscott 1986, figure 2) . If we assume a density of states of -1015 mW2 (typical contact charge densities are Cm-2) we find that the lengths a, p and y should be typically m. This is smaller than we might expect (the wavefunction of a localised state should extend over at least 10"' m); but the transitions between states will not in general occur at constant energy and they must therefore be accompanied by phonon absorption or emission. Thus for a transition to occur it is necessary not only that the wavefunctions of the states overlap but also that the requisite phonon be generated or annihilated. It is therefore plausible that a full state should pass close by many empty ones before a transition finally occurs, as our results seem to imply. We should in addition point out that the simple picture of states 'on' the two surfaces moving smoothly past each other may be naive. It is likely that the sliding causes severe disruption of the polymer surfaces to a depth of many times the 'size' of a localised electron state (Lowell 1976) , and the distances CY, p and y deduced from experiment may have more to do with the details of this 'stirring' process than with the degree of localisation of electron states.
A striking feature of our experimental results is that systematic charge transfer seems to be associated with mechanically damaged (lapped) samples. In terms of our model, this suggests that the requisite non-equilibrium distribution may be brought about by mechanical damage. Samples prepared by casting polymers from solution, which we might expect to be closer to thermal equilibrium, exhibit no systematic charging. Again, the observation that annealing virtually eliminates charge transfer in PTFE supports our non-equilibrium hypothesis. It is plausible that heat treatment allows the electrons to approach equilibrium (by thermal activation) or heals the damage that non-equilibrium states are associated with. It is puzzling, however, that heat treatment has no effect on Nylon. We thought that the non-equilibrium condition in this polymer might be brought about by exposure to light, and thereby regenerated after annealing. But Howarth (1985) has shown that Nylon still charges even if it is kept in the dark after annealing. It may be simply that the annealing temperature was not high enough. An alternative, intriguing, possibility is that the sliding process itself generates the non-equilibrium electron distribution required for charge transfer, e.g. by free radical formation, There are indications of such effects in the work of Shaw and Hanstock (1930) , indeed, it was these indications which led them to propose their explanation of charge transfer in terms of surface 'strain'.
In summary, our experimental observations can be said to be compatible with the model we have proposed, if we accept the explanations above for the small magnitudes of the transition probability and the persistence of charge transfer in annealed Nylon. However, this evidence is far from conclusive and we therefore undertook experiments to test the model further.
Further experimental observations
l . Repeated sliding
In 0 3 we showed that repeatedly sliding the sphere over the same short track on the plane surface should cause the charge transfer to build up initially in a similar way to continuous sliding; however, the charge should eventually diminish again and ultimately become zero. Figure 3 shows the results of experiments on repeated sliding with FTFE and Nylon (the track length, 5 mm or 10 mm in different experiments, can be deduced from the spacing of the experimental points, since the charge was measured at the end of each sliding event). Figure 3(a) shows that repeated sliding of Nylon samples results in charge built-up initially similar to continuous sliding (Lowell and Truscott 1986, figure  2 ). The rate of charge transfer (with respect to distance) levels off more rapidly than it does in continuous sliding, but we have not observed any diminution in the charge on the plane sample. It may be that the rate of decrease is too small to detect over the sliding distances we have used but we note that 'stirring' (0 2.5) and the fairly large conductivity of Nylon may complicate the experiment. For PTFE, the continuous sliding experiment does not give very consistent results, ( figure 3(b) ). The charge transfer always increases at first but the behaviour after a large number of sliding events is unpredictable. Sometimes the charge continues to increase, and sometimes it gradually diminishes, as expected from figure 2(a) . The charge transfer was usually markedly smaller than for continuous sliding (Lowell and Truscott 1986, figure 2 ) . This could be a result of p and y being small relative to a, as we pointed out in § 3.5. However, it would be unwise to draw this conclusion, because it is likely that there are additional important effects in charge transfer which are not included in our model, e.g. severe disruption of the surface during sliding, perhaps including material transfer. We frequently observe irregularities in the charge versus distance curves which suggest such processes. For example, the charge does not always build up uniformly as sliding proceeds, it quite frequently shows a temporary decrease well outside the measuring error. The sample represented by triangles in figure 2(a) of our previous paper (Lowell and Truscott 1986) shows this behaviour. These irregularities could be due to random contamination of the surface but we think it more likely that they are due to transfer of previously charged PTFE from the sphere to the plane or vice versa. Figure 4(a) shows an anomaly in charge transfer during repeated sliding of PTFE. The charge builds up in the usual way for the first 10-12 sliding events (sliding distance 50-60 mm), and appears to be approaching a constant value. But further sliding causes a sudden increase in the rate of charge transfer. We think this may be a result of a layer of PTFE sloughing off the sphere side of the interface but remaining attached to the sphere rather than transferring. The freshly exposed PTFE would then begin to charge afresh, as in figure 4(a) . We have observed similar (though smaller) anomalies to these in Nylon. It is of course hard to be sure that they are associated with surface stripping and material transfer, but such processes are known to occur during sliding between a polymer and a dissimilar material (Briscoe et a1 1974) . Measurements of charge transfer as a result of repeated sliding with metals (see figure 5 ) also indicate that the polymer surface cannot remain intact. If it did, we should not expect the charge to increase after the first sliding contact. In fact it does, markedly, and we believe that the increase is a result of surface disruption. show the charge transfer when a gold sphere repeatedly slides over the same 5 mm track on Nylon (+charge) and PTFE (-charge). The crosses show the charging on the same track after neutralising with ionised gas.
It therefore seems likely that material transfer and surface disruption play asignificant role in charge transfer between PTFE samples, and probably for Nylon samples as well. We have no reason to suppose that these effects are only occasionally present, i.e. when 'anomalies' are observed. It may well be that they are always present but on a small scale. The curve of charge versus sliding distance could in that case appear continuous and well behaved even though it were strongly influenced by surface disruption.
History-dependent charge transfer
The essential feature of the model we have proposed (B 2) is that charge transfer is associated with an initially non-equilibrium distribution of electrons among the available states. If this is true, we ought to expect charge transfer to be history dependent. In particular, we note that according to our model charge transfer represents a change towards thermal equilibrium. Thus, if the charge on the surfaces is (somehow) removed and they are again rubbed together the charge transfer should be less than for the virgin surfaces. To see if this is so we charged specimen pairs by repeated sliding, then neutralised the charge by admitting ionised nitrogen to the vacuum chamber, and continued the rubbing after pumping away the nitrogen. The magnitude of the charge transfer in the second rubbing is always smaller than the initial charge transfer (see figure  4) , though the difference varies from one experiment to another. This agrees with the hypothesis that the charge transfer is a result of non-equilibrium electron distribution. There is, admittedly, a serious problem in interpreting such experiments; we do not know what happens when the insulator is 'discharged' by the ionised gas. However, similar experiments in which the polymer is rubbed by a metal show only a very minor difference between the charge transfer before and after discharging (see figure 5 ) , so we are at least sure that discharging with ionised gas does not necessarily mean that future charge transfer will be small. This adds some weight to our belief that the large decrease in charge transfer apparent in figure 4 is a result of the electron distribution being closer to thermal equilibrium after the initial charge transfer.
We should also expect that the surface of the polymer might be brought closer to equilibrium by prior contacts with metals. If the non-equilibrium electrons (see figure l(a)) reside at relatively high energies, above the Fermi energy of a contacting metal, they should be able to tunnel out of the insulator into the empty Bloch states of the metal. To investigate this possibility we did experiments on sample pairs which had been dipped several times into mercury prior to being mounted in the apparatus. (Mercury, being a liquid, will touch all parts of a surface if it is not too rough, whereas a hard metal would touch only a small fraction of the surface.) Figure 6 shows that pre-contact with mercury strongly reduces the self-charging of PTFE. The reduction is not quantitatively the same from one experiment to another, and some charging always persists, but the change is large, typically an order of magnitude. It must be said that this experiment is open to the same difficulties of interpretation that we encountered above, namely the unknown mechanism of charge removal; the PTFE must have become charged as a result of its contact with mercury. This charge was moved by ionisation of the atmosphere, either immediately on leaving the mercury or during pump-down of the apparatus.
Dipping Nylon into mercury had no observable effect on its self-charging. This might be an indication that the self-charging of Nylon does not have the same cause as the selfcharging of PTFE. On the other hand, it may be that the non-equilibrium electrons responsible for charging are generated by the sliding process itself, as we suggested above. Again, it is to be expected that mercury will only influence states close to the surface, and no deeper-lying states which may be involved in self-charging as a result of 'stirring' ( § 2.5). The somewhat erratic residual charging of PTFE (see figure 6 ) could be a result of such deep-lying states, and it is conceivable that they could dominate the charge transfer to Nylon.
Small sliding distances
A rather surprising feature of our model (0 2) is the prediction that the charge transfer to the plane should always be negative at first, i.e. up to sliding distances somewhat greater than the size of the region of contact (S 2.4). By sliding a PTFE sphere over a PTFE plane thinly coated with soot we found that the contact size was about 0.5 mm. Measurements of charge transfer for sliding distances comparable with this showed that the charge transfer was indeed negative for both PTFE and Nylon (see figure 7(a) ). For PTFE, the charge became positive for large sliding distances, passing through zero for sliding distances typically around 1 mm but occasionally considerably greater ( figure  7(a) ). The qualitative agreement with the theoretical prediction is striking, but the variations in the intersection of the PTFE curve with the distance axis are rather puzzling. In addition to this doubt, we point to a possible alternative explanation of the initially negative charge transfer, i.e. the sphere could carry some contamination which causes negative charging. It would be reasonable to expect such contamination to be rubbed away after sliding a distance of the order of the contact size. On the other hand, in view of the fact that the spherical and plane samples were similarly prepared it is difficult to believe that such contamination could be invariably present on the sphere and not on the plane. Finally, we point out that (deliberate) sliding is not necessary for charge transfer. A normal (non-sliding) contact causes some charging, albeit small. This figure 7 ( b ) shows the total charge on the plane after making a number of contacts to it, each to the same place. The charge transfer is initially negative but passes through a minimum and increases again reaching zero after 50-100 contacts. We believe that this charge transfer is a consequence of the deformation of the surface during contact which means that some sliding during contact is inevitable. It is apparent that figure 7(b) may be interpreted by supposing that a single 'contact' is equivalent to sliding a distance of about 10 pm (compare figures 7(b) and 7 ( a ) ) , and it is interesting that inter-facial sliding of this order must also be invoked to account for charge transfer in 'non-sliding' contacts between dissimilar polymers (Lowell 1986 ).
Summary and conclusions
We have proposed a model for charge transfer between identical insulators which follows Henry (1957) in emphasising the role of asymmetric rubbing. However, our model departs from previous explanations in that it does not require the rubbing to introduce even a transient physical difference (such as the temperature difference proposed by Henry (1957) ). We show that charge transfer is possible even if the surfaces remain identical during rubbing, provided that the electron distribution in each insulator is a non-equilibrium distribution in which vacant electron states occur at lower energies than full ones. (Such non-equilibrium states are compatible with current views of electron states in insulators.) Our hypothesis is supported by the observation that solution-cast polymer samples (which might be expected to be near equilibrium) show no systematic charge transfer, and charge transfer in PTFE, which is very strong if the surface has been mechanically worked, can be reduced by at least an order of magnitude by heat treatment. The charge transfer is found to be history dependent, as is to be expected of an effect arising from a non-equilibrium electron distribution. Other evidence in favour of the model includes it correctly predicting a change of sign with sliding distance in PTFE. However, it is quite clear from the experimental results that the model assumes too simple a picture of the interface during sliding. Charge transfer is erratic in a number of ways which suggest molecular rearrangement, gross disruption and material transfer at the interface. Because of these complications it is unlikely that a realistic quantitative theory of charge transfer can be constructed at present. Nonetheless, in spite of the complications, we believe that our experiments provide evidence that the charge transfer which occurs when 'identical' polymers are rubbed together is a result of electron transfer from high-energy non-equilibrium states to lower-energy states on the opposite surface. Rubbing affords these electrons the opportunity to approach more closely an equilibrium state, via transitions otherwise prevented by the strong localisation of electron states in good insulators.
It is worth noting the possibility that our model is applicable to the self-charging of ice which is of great interest because of the role it is believed to play in the generation of thunderstorms. There is a well established thermoelectric mechanism for the selfcharging of ice (Latham and Mason 1961) . Nevertheless, it is possible that a mechanism of the kind discussed in this paper may act in parallel with the thermoelectric mechanism.
In developing our model we have supposed that electrification is due to the transfer of electrons between localised states ('traps') in the insulator. It is natural to proceed on this basis, because the evidence currently available seems to point to an electron transfer mechanism (Davies 1969) . However, we do not believe that the general features of our model are dependent on any particular charge-transfer mechanism; the success, or otherwise, of the model therefore has no implications about the mechanism of static electrification. The essential requirements of our model are that charge should exist on the insulator surface in energetically unfavourable states and that energetically preferable states are available for charge transfer. We have identified these states with occupied high-energy traps and empty low-energy traps for electrons, but it would be possible to develop a similar model in which (for example) ions trapped at high-energy sites on one surface transfer to lower-energy sites on the other.
